This review article reports on the effect of the counter-ions on the ionic surfactant adsorption layer and its relation to the stability of foams and emulsions. The adsorption theory of Davies about the ionic surfactant monolayer was revisited and it is shown how to account for the type of the counter-ions. The experimental validation of this theory on thin liquid films was shown as well, thus explaining the effect of Hofmeister. However their effect on foams and emulsions is more complex. Furthermore, it is shown how the counter-ions affect in complex way the stability of foams and emulsions via the surfactant adsorption layer in the light of the newest theory. To elucidate the nature of this effect further investigation is called for.
Introduction
Hofmeister was the first to report how the solubility of the proteins depends on the added salt [1] [2] [3] [4] [5] [6] [7] . Hence, he established that some salts are stronger precipitators than other ones. He found out that both cations and anions act together but the effect of the anions is stronger. Thus, the anions and cations were ordered according to their precipitation abaility:
Cations: Li <Na <NH <K <Cs Anions: OH <F <CH COO <Cl <Br <NO <I <ClO
The ion sequence in the above series is independent of the protein, but their precipitation strength depends on the sign of the protein's net charge as well. Since that time, it was established that the salts precipitate in the same manner surfactants, colloidal particles and other more complex systems [8] . Evidently, the difference between the ionic parameters (size, polarizability, and ionization potential) [9] make them act differently on proteins, surfactants, colloidal particles, etc. A more detailed analysis on the effect of Hofmeister reveals that the ions adsorb on the surfaces of the colloids on different levels, thus affecting differently the interaction between the colloids (protein molecules, solid particles, surfasctants, bubbles, oil droplet, etc.). For example, Ninham et al. [10] [11] [12] accounted for the van der Waals interaction between inorganic ions and the bubble, thus determing concentration profiles of the different ions, but further met difficulties [13] [14] [15] . Tavares et al [16] studied theoretically the Hofmeister effect on the interaction of charged proteins and established that van der Waals interaction causes strong attraction between the molecules. Warszynski et al [17] [18] [19] and Aratono et al [20] [21] [22] clearly showed experimentally the specific effect of the counter-ions on the state of the adsorption layer of ionic surfactants, but Davies [23, 24] and Borwankar and Wasan [25] showed the way for their theoretical interpretation. Later on Ivanov et al [26] [27] [28] combined the approaches of Ninham [10] [11] [12] and Davies [23, 24] to produce a relatively simple theory on the specific adsorption of counter-ions within adsorption layer of ionic surfactant.
This theory accounts for KCl major factors controlling the ion specific adsorption: the ion polarizability and ionization potential, the radius of the hydrated ion and the possible deformation of the hydration shell upon ion 2. Ion-specific effects on the adsorption layers of ionic surfactants from dilute solutions
Adsorption in the absence of ion specific effects
It is well known that adsorption 0s  of nonionic surfactant with concentration Cs in scarce adsorption layer is described by Henry adsorption isotherm: 
We will denote the surface potential  (0) by  0s.
Setting z = 0 and   0s into Eq. (6) , and eliminating E(z = 0) from the electroneutrality condition (7), the Gouy equation is obtained : 
0s  By using Poisson-Boltzmann equation (4) to obtain expression for d/dz:
One can obtain explicit expression for the 
Then, the Gibbs isotherm (17) simplifies to
where C is the mean ionic activity of the surfactant [30, 31] , defined by:
If the solution is not ideal, the mean ionic activity C in Eq. (19) will include activity coefficient :
Meanwhile the combination of equations (3) (Henry adsorption isotherm for ionic surfactants) and (12) (Gouy equation) produce the following important relation [23, 28] : 2  2  2  2  0 s  s  0 0  s  0  t  t   3  ln  ln  6 ln  ln  4 2 (21) shows that the surface potential s increases with Cs and Ks (due to the increased adsorption) and decreases with the total electrolyte concentration Ct (due to the additional screening effect of the electrolyte on the surface charge). Inserting back the surface potential (21) into the isotherm (3), one obtains a generalization of Henry isotherm for adsorption of ionic surfactants: [31] . Eq. (22) has been first derived and confirmed by experimental data for CnH2n+1SO4Na at air/water interface by Davies [23] . We will refer to it as Davies isotherm. By using the procedure of Borwankar and Wasan [25] , and Ivanov et al derived Eq. (22) [32] :
Equation (24) does not account for the specific effect of the counter-ions. Hence, according to this equation if the counter-ion of one ionic surfactant is replaced by another counter-ion its surface activity will not change. The latter controversies to the experimental data [33] . For this reason the real equilibrium adsorption constant K, in which the specific adsorption of counter-ions is accounted for, has been modelled [26] by the following relation:
, where kB is the Boltzmann constant, and u0 is the specific adsorption energy of the surfactant's counter-ion.
Adsorption in the presence of ion-specific effects
To account for the specific adsorption of the counter-ions into the surfactant adsorption layer, one should account for the correction, which they cause to the electric potential in the Poisson-Boltzmann equation:
where ui(z) is the specific interaction between the ion and the interface [26, 28] given by the relation: Figure 1 ; Illustration of the integration procedure applied to derive the energy of interaction of surface ion with the whole bulk of water [26] .
At high surface potentials, only the counterions 
, where 0 is the Debye parameter is given by Eq (9), and 0s is surface potential of adsorption layer situated on the phase boundary not containing counter-ions. If only one counterion is present in the system, Eq. (29) , accounting for ion specific interactions:
Here C is the mean activity. Therefore, one can obtain the following expression for the equilibrium adsorption constant accounting for the ion-specific effects:
This procedure allows also the determination of the first iteration for the real surface potential s. To do so, the equation of state (3) 
Considering the above equations, one can obtain the following relations:
where s and s are surfactant adsorption containing and not containing counter-ions, and s and 0s dimensionless surface potentials containing and not containing correction from the adsorption of counter-ions. 
Theory on adsorption of ions on the air/water interface
The adsorption of inorganic ion on the air/water interface may seem inappropriate at first glance due to the image repulsion [34] , but one should account for the displaced surface water molecules by the adsorbed inorganic ion. The latter can make this adsorption energetically favorable. For this reason the effect of Ray-Jones [35] appears at small salt concentrations (up to 0.1 M). u of one ion on the air/water interface, one need to calculate each one of the above mentioned quantities [26, 28] . Moreover, a special accent [26, 30] is put on the compressibility of the hydration shells -there are certain ions, called kosmotrops [36.37] Figure 3) . The calculation of the energy ui0 was performed, using the London expression for the intermolecular potential uij between molecules of type i and j at a distance rij [34] : permission from ref. [26] . Copyright 2007 Elsevier.
We will calculate first the energy of interaction For monovalent ions, Marcus [38] found that the hydration number nw of the ions can be represented by the empirical relation [26, 38, 39] are shown in Table 1 . Robinson and Stokes [30] Nwp,w [26] . The number Nw was assumed equal to the ratio between the volume of the bare ion and the volume of one water molecule [40] :
where Rw is the radius of the water molecule. For the value of Rw, two possibilities were tested in Ref. [26] : (i) the average volume per molecule (30 Å The used value of the static polarizability of water was  p,w = 1.48 Å 3 and of the ionization potential was Iw = 2.0210 -18 J [41] . [41] ; 3 Tavares [16] ; 4 Dietrich [42] ; 5 Lide [43] .
Comparison with experiment

Experimental verification of the theory of K
Experiment on surface tension isotherms of 0.5 mM sodium dodecyl sulfate (SDS) [44] at varying excess concentration of LiCl, NaCl and KCl showed significant differences due to the specific adsorptions of Li ). Therefore Eq. (42) and (43) (see Table 1 DmPSCl + NaF, DmPSCl + NaCl, and DmPSCl + NaBr; and (3) DTAB + NaF, DTAB + NaCl, DTAB + NaNO3, DTAB + NaClO4, and DTABF4 [28] . Figure 8 is presented lnK vs. 
Shown in
Ion-Specific Effects on the Stability of Dispersed Systems and
Relation to State of the Adsorption Layer [29, 44] 
Ion-Specific effects on thin films and emulsions
The ion-specific effects on the state of the adsorbed surfactant layer influence the stability of foams and emulsions. This section is devoted to the investigation of the type of the surfactants counter-ion on the stability of the dispersed systems. It presents the experimental data of Ref. [29] and such one conducted in the present work.
Ref. [29] presents experimental data on the disjoining pressure of water films in air (foam films) stabilized by 1 mM solutions of hexadecyltrimethylammonium bromide (C16H33NMe3Br) and 9 mM added salt (NaF, NaCl, NaBr).
The disjoining pressure, stabilizing the films, was measured on a thin film pressure balance by using the Mysels-Jones porous plate technique (see Figure 9 ) Figure 9 ; Schematic presentation of the porous plate cell.
The main question, which we raise is how the type of the counter-ions affect the stability of foams and emulsions. We know from the previous sections that the counter-ions with a higher absolute value of the specific adsorption on air/water or oil/water interfaces are Their results are summarized in the excellent book of Churaev et al. [45] . According to their theory (neglecting the ion specific effects) the electrostatic disjoining pressure, el, in a planar film of low surface potential or large thickness is given by the following expression: (49) in Ref. [45] no other assumptions about the surface potential were done, we decided that in order to account for the specific effects it should be sufficient merely to Table 2 . Intercepts, ln0, and slopes,  , of the lines in Figure 10 .
The almost parallel, but shifted, lines suggest that the specific ion interactions (if any) are affected mostly the surface potential s. By means of Eq. (49) we calculated the experimental values of s from the obtained data for 0 (see Table 3 ) and plotted in Figure   11 the results as s vs. -u0/kBT. The relatively good linearity and close value of the experimental slope, 0.4, to the theoretical one, ½, (cf. Eq. (50)) seem to confirm the role of the ion specific effect. The Hofmeister effect on the surface potential and the disjoining pressure, , is by no means negligible. To setimate it for films closer to reality, in Figure 12 we present the results (obtained in Ref. [26] ) for the total disjoining pressure  total (including also the van der 
Cl
-and Br -(from Ref. [26] ).
Ref. [29] reports on the emulsion stability measured by means of two types of techniques -Film
Trapping Technique (FTT) and Centrifugation. They used the same surfactant (C16H33NMe3Br) and salts (NaF, NaCl or NaBr). The concentrations of the surfactant and the added salts for FTT were the same as in the thin film studies described here above, but for the centrifugation the emulsions with 1 mM salts were too unstable, so that the concentrations of the added salts were increased to 30 mM. Soybean oil, purified by passing it through a glass column filled with Silicagel 60 adsorbent, was used as oil phase.
The film trapping technique (FTT), developed in
Refs. [46] [47] [48] [49] (see the magnification lens), from Ref. [49] .
where POIL is the pressure jump across the oil column in the capillary. It includes contributions from the hydrostatic pressure of the oil column and the capillary pressure of the air|oil meniscus. It is measured after filling the FTT capillary with oil but before immersing the capillary into the water pool. In the hydrostatic term z is the depth of the water (see Figure 13) ,  is the water mass density and g is gravity acceleration. The trapped oil drops and the coalescence process were observed from above with an optical microscope.
The test of the emulsion stability by means of centrifugation in described in details in Ref. [29] . Oil-in The results from both tests are presented in Table 3 and Table 3 and plotted in Figure 14 as 
Ion-Specific effects on foams
We have established that the stability of the emulsions increases upon enhancing the specific adsorption energy of the counter-ions. This tendency was not expected.
For this reason, we were challenged to investigate this scientific "intrigue" deeper. We have chosen another system -foam stabilized by sodium dodecyl sulfate (SDS) and LiCl, NaCl and KCl as salts, which were meant to be added in an amount significantly exceeding this one of the surfactant.
We clearly showed hereafter that the electrostatic repulsion between the bubbles, which is controlled by the SDS salt mixture solutions were prepared as follows.
Initially, using SDS, 0.5 mM aqueous solution was prepared. Then, LiCl, NaCl and KCl, were added, thus forming salt solutions with concentrations in the range of 2.5 mM, to 50 mM. As far as the foaming ability of every surfactant solution is expressed in both the initial foam volume upon the very generation of foam and the lifetime of the latter, we chose to work with the ratio between the two values, called foam production [50] . The experimental data presented in Figure 16A are in line with the experimental data reported in Ref. [29] .
The the stability of the dispersed system increases upon 
Conclusions
The ion-specific effects on the adsorption of ionic surfactants are known effect. There is a large body of literature on this topic, but it is spread out in many papers and books at present. It is known as well that the counterions affect the state of the adsorbed layers, which influences the stability of the colloidal dispersions, but the effect is not studied completely. This manuscript gathers together a detailed description of the theory on the ion-specific effects on the adsorption of ionic surfactants in its first approximation (Davies adsorption isotherm) and some initial experimental studies of the Hofmeister effect on the stability of foams and emulsions.
Thus, we show the nature of the effect of the counter-ions on the state of the equilibrated surfactant adsorption layer, while we stress that their effect on the stability of colloidal dispersions can be can be non-equilibrated, thus giving an origin of new tendencies.
It was shown that the counter-ions can have a dual effect on the stability of foams and emulsions depending on the concentration of the added salt. We call for further investigations on this interesting effect, which might be used for controlling the stability of foams and emulsions for industrial needs.
